Xylitol dehydrogenase (XDH) is one of the key enzymes in D-xylose metabolism, catalyzing the oxidation of xylitol to D-xylulose. Two copies of the XYL2 gene encoding XDH in the diploid yeast Candida tropicalis were sequentially disrupted using the Ura-blasting method. The XYL2-disrupted mutant, BSXDH-3, did not grow on a minimal medium containing D-xylose as a sole carbon source. An enzyme assay experiment indicated that BSXDH-3 lost apparently all XDH activity. Xylitol production by BSXDH-3 was evaluated using a xylitol fermentation medium with glucose as a cosubstrate. As glucose was found to be an insufficient cosubstrate, various carbon sources were screened for efficient cofactor regeneration, and glycerol was found to be the best cosubstrate. BSXDH-3 produced xylitol with a volumetric productivity of 3.23 g liter ؊1 h ؊1 , a specific productivity of 0.76 g g ؊1 h ؊1 , and a xylitol yield of 98%. This is the first report of gene disruption of C. tropicalis for enhancing the efficiency of xylitol production.
The asporogenic, dimorphic, diploid yeast Candida tropicalis is of both academic and commercial interest. The yeast's ability to utilize n-alkanes and fatty acids as carbon sources has been exploited to produce ␣,-dicarboxylic acid, the starting material for the preparation of perfumes, polymers, adhesives, and macrolide antibiotics, by metabolic engineering of peroxisomal ␤-oxidation enzymes (24, 27) . Furthermore, C. tropicalis has recently attracted attention because it accumulates xylitol as a result of high xylose-assimilating activity (17, 30) .
Xylose is a major pentose sugar found in lignocellulose and is the second most abundant natural sugar (20) . Unlike prokaryotic microorganisms, which have a xylose isomerase, most xylose-assimilating yeasts, including C. tropicalis, utilize Dxylose via two enzymatic oxidoreductive reactions with xylose reductase (XR) (EC 1.1.1.21) and xylitol dehydrogenase (XDH) (EC 1.1.1.9) (1). XR catalyzes the reduction of Dxylose to xylitol, and XDH catalyzes the oxidation of xylitol to D-xylulose. D-Xylulose is converted to D-xylulose 5-phosphate by xylulose kinase and then enters the pentose phosphate pathway. XDH requires NAD as a cofactor, whereas XR uses NAD(P)H. The overall efficiency of xylose assimilation is therefore coupled with the activities of XR and XDH. XR and XDH in another xylose-utilizing yeast, Pichia stipitis, were encoded by XYL1 and XYL2, respectively (2, 19) . XYL2 genes have been cloned from some yeasts and other fungi such as Saccharomyces cerevisiae, Hypocrea jecorina, and Arxula adeninivorans (10, 25, 28) .
Xylitol, a five-carbon sugar alcohol, is used as a natural sweetener in the food and confectionary industries. It has an anticariogenic effect that inhibits the growth of the tooth-decaying bacterium Streptococcus mutans (21) . Its sweetness level is equal to that of sucrose, and it can replace sucrose on a weight-to-weight basis. When dissolved in water, xylitol has low viscosity and negative heat effects, and it does not require insulin for metabolic regulation. Owing to these benefits, the use of xylitol in the food industry is growing rapidly. Xylitol is produced by natural xylose-assimilating yeasts and fungi such as Pachysolen tannophilus, Candida guilliermondii, Candida parapsilosis, and C. tropicalis (5, 17, 22, 30) . In addition, genetically engineered S. cerevisiae expressing the XYL1 gene from P. stipitis was reported to produce xylitol (11) . Xylitol can be produced from D-arabitol by Gluconobacter oxydans (26) .
Although Candida spp. were reported to be the most active and thus potentially the most useful strains, the industrial production of xylitol has yet to be achieved because of the high production costs associated with the substrate D-xylose, an expensive raw material with a low yield of xylitol. Efforts to develop more cost-effective methods of production have included using a cosubstrate, controlling the dissolved oxygen or redox potential, and amplifying XR activity (6, 17, 18) . Nonetheless, the main yield-limiting factor of xylitol is its consumption for cell growth and maintenance. Therefore, if the metabolic step from xylitol to D-xylulose could be blocked by disruption of the corresponding XDH gene, and if cosubstrates were supplied for cell growth, the yield of xylitol should reach the theoretical level of 100%. There have been several attempts to apply this strategy to yeast and other fungi. While P. stipitis is not a common xylitol-producing yeast, XDH-defective mutants of P. stipitis derived by random mutagenesis with ethylmethane sulfonate or nitrosoguanidine produced xylitol using glucose or galactose as a cosubstrate (15) . A D-xylulokinase-defective mutant of P. stipitis derived by disruption of the xylulose kinase gene also produced xylitol with a low yield (13) . Antisense inhibition of XDH in Trichoderma reesei (a synonym of Hypocrea jecorina) reduced XDH activity to 48% and enhanced xylitol productivity (29) . However, the mutants described in these previous reports were not efficient in xylitol production because they were derived from microorganisms with low xylitol-producing ability. To enhance xylitol production, it may be beneficial to block the XDH step of D-xylose processing in a high-xylitol-producing strain of yeast, such as Candida. No previous studies have constructed an XDH-defective Candida sp. to increase xylitol yield, probably owing to the lack of the corresponding gene sequence of the genus.
In this study, we disrupted the XYL2 genes of C. tropicalis and then performed xylitol fermentation with the XYL2-disrupted mutant. The productivity and yield of xylitol fermentation by the XYL2-disrupted mutant were remarkably enhanced by screening suitable cosubstrates and optimizing the process.
MATERIALS AND METHODS
Strains and culture conditions for genetic manipulation. The C. tropicalis strains used in this study are listed in Table 1 . C. tropicalis ATCC 20913 (ura3/ ura3), a uracil auxotroph derived from C. tropicalis ATCC 20336 by random mutagenesis, was used as a host strain for transformation (9 Sequence analysis of XYL2. C. tropicalis ATCC 20913 genomic DNA was prepared using a total DNA extraction kit (General Bio System, Seoul, Korea). The partial XYL2 gene was amplified by PCR using an XHL PCR kit (Bioneer, Daejeon, Korea) and the primers XDH-F1 and XDH-R1, which were designed based on the sequences of the XYL2 gene in P. stipitis (GenBank accession number A16166). The resulting fragment was purified using a PCR product purification kit (Intron, Seoul, Korea) and then inserted into the pGEM-T Easy vector (Promega, WI). The partial XYL2 gene was sequenced, and the complete nucleotide sequence was subsequently determined by 5Ј and 3Ј rapid amplification of cDNA ends (RACE) using a 5Ј/3Ј RACE kit (Roche Diagnostics GmbH, Manheim, Germany). For 5Ј RACE, the gene-specific primers SP1, SP2, and SP3 were used. For 3Ј RACE, the gene-specific primer SP4 was used. All sequences of primers used in this study are listed in Table 2 .
Construction of the disruption cassettes for XYL2 loci. A 1.2-kb URA3 gene was amplified by PCR with genomic DNA of C. tropicalis ATCC 20336 using primers Ura3-F and Ura3-R, which were designed based on the URA3 sequence (GenBank accession number AB006207). The URA3 gene was inserted into the pGEM-T Easy vector, and the resulting plasmid was designated pGEM-URA3. Two 1.1-kb hisG fragments were amplified by PCR with plasmid pCUB6 as a template DNA using two sets of primers, HisG-F1-HisG-R1 and HisG-F2-HisG-R2. First, one 1.1-kb hisG fragment was inserted into pGEM-URA3 between the BamHI and XbaI sites. The second 1.1-kb hisG fragment was then inserted into the resulting plasmid between the XhoI and BglII sites. In this way, pGEM-HUH containing the hisG-URA3-hisG cassette was constructed.
A 1,205-bp fragment of XYL2 was amplified from the genomic DNA of C. tropicalis ATCC 20913 by PCR with primers XDH-F2 and XDH-R2. The PCR product was inserted into the pGEM-T Easy vector to produce pGEM-XDH, from which the linear fragment was amplified by PCR with primers FBamHI and RBamHI. The PCR product was digested with BamHI and ligated with the hisG-URA3-hisG cassette digested with BamHI and BglII. The resulting plasmid, pXDH-HUH, was digested with PvuII, and the resulting linear DNA, XYL2-hisG-URA3-hisG-XYL2, was used as the first disruption cassette. The second disruption cassette was made from pGEM-URA3 template DNA by PCR using 
The restriction sites introduced into the primers are underlined. Boldface type in the XDH-60F and XDH-60R sequences indicates segments that anneal to the plasmid pGEM-URA3 for amplification of the second disruption cassette.
primers XDH-60F and XDH-60R. This linear DNA contained XYL2-URA3-XYL2.
Transformation of yeast. C. tropicalis was transformed using the lithium acetate (LiOAc) method with a slight modification (12) : cells grown in YM medium were washed and resuspended in LiOAc solution (0.1 M LiOAc, 10 mM Tris HCl, pH 7.6, and 1 mM EDTA). A mixture of 30 l cell suspension, 50 l transforming DNA, 5 l salmon testis DNA (Sigma), and 400 l polyethylene glycol 8000 solution (50% polyethylene glycol 8000 in LiOAc solution) was incubated at 30°C for 30 min. After heat shock treatment at 42°C for 15 min, the cells were washed with sterile water and spread onto YNB plates. The cells were incubated for 3 days. To allow pop-out of the URA3 marker, Ura ϩ cells grown on YNB medium were spread onto YNB-5FOA plates. The URA3 pop-out mutants were selected from among the 5-FOA-resistant colonies using PCR. The second disruption cassette was introduced into a URA3 pop-out mutant, and the resulting cells were spread onto YNB medium. Each genetic modification was confirmed by PCR.
Culture conditions for fermentation experiments. Xylitol fermentation experiments for cosubstrate screening were performed in a 250-ml Erlenmeyer flask with 50 ml xylitol fermentation medium at 200 rpm and 30°C. The fermentation medium for xylitol production consisted of 50 g liter Ϫ1 D-xylose, 10 (3) . The cells grown on the xylitol fermentation medium were harvested by centrifugation at 10,000 ϫ g for 5 min. After the cells were washed with 50 mM potassium phosphate buffer (pH 7.0), the cells were resuspended in the same buffer and then disrupted by sonication. The cell debris was separated by centrifugation at 10,000 ϫ g for 5 min, and the supernatant was then used to measure enzyme activity. The XDH assay mixture contained 25 mM carbonate buffer (pH 9.5), 0.2 mM NAD, 20 mM xylitol, and enzyme solution. The XR assay mixture contained 50 mM potassium phosphate buffer (pH 7.0), 0.2 mM NAD(P)H, 50 mM D-xylose, and enzyme solution. The activity was expressed in units, where 1 U corresponds to the conversion of 1 mol of NAD(H) per min, and was reported as specific activity [units (milligram protein) Ϫ1 ]. Each measurement was repeated three times. Analytical methods. The concentrations of D-xylose, xylitol, and various cosubstrates were analyzed by high-pressure liquid chromatography (Waters, MA) using a Sugar-Pak I column (Waters) with water as the mobile phase at a column temperature of 90°C and a flow rate of 0.5 ml min Ϫ1 . Cell growth was monitored spectrophotometrically at 600 nm. One A 600 was equivalent to 0.474 g cells liter Ϫ1 .
RESULTS
Construction of the XYL2-disrupted mutant of C. tropicalis. The Ura-blasting method was used to disrupt a pair of genes, XYL2/XYL2, for XDH of C. tropicalis ATCC 20913 (Fig. 1A) . C. tropicalis was transformed to uracil prototrophy with PvuIIdigested pXDH-HUH, the first disruption cassette, and 136 Ura ϩ transformants were selected from a YNB plate. PCR confirmed that one of two XDH genes in the transformants was disrupted by the specific integration of a 4.1-kb disruption cassette (Fig. 1B) . One transformant, designated BSXDH-1, was incubated on a YNB-5FOA plate to allow pop-out of the URA3 marker gene. Among 56 5-FOA-resistant mutants, four were URA3 pop-out mutants; one of these was designated BSXDH-2 (Fig. 1C) .
BSXDH-2 was transformed with the second disruption cassette and selected for uracil prototrophy. Twenty-three Ura ϩ transformants were obtained and tested for specific gene replacement via PCR. The disruption of both of the XYL2 genes was confirmed in the transformants (Fig. 1D) . The transformants were incubated on a xylose minimal plate. The parental strain, C. tropicalis ATCC 20913, and BSXDH-2 successfully grew on a xylose minimal plate. However, no transformants grew on the xylose minimal plate after the second transformation ( Fig. 2A) . This result indicates that XDH is essential for xylose metabolism in C. tropicalis. One transformant was designated BSXDH-3, and the XDH activities of C. tropicalis ATCC 20336, BSXDH-1, and BSXDH-3 grown on xylitol fermentation medium were analyzed (Fig. 2B) . The results indicate that BSXDH-3 does not exhibit XDH activity and that the XYL2 gene product accounts for apparently all of the XDH activity of C. tropicalis. Xylitol production by the XYL2-disrupted mutant. The xylitol production by three strains, C. tropicalis ATCC 20336, BSXDH-1, and BSXDH-3, was evaluated in 250-ml flasks containing 50 ml xylitol fermentation medium (Fig. 3) . The three strains grew similarly using glucose until the exponential growth phase. However, BSXDH-3 stopped growing when the glucose was depleted, whereas C. tropicalis ATCC 20336 and BSXDH-1 both continued to grow using D-xylose as a carbon source. BSXDH-3 also stopped producing xylitol after glucose depletion. BSXDH-3 converted 12.5 g liter Ϫ1 of 50 g liter Ϫ1 of D-xylose, and the final concentration of xylitol was 12.5 g liter Ϫ1 ; C. tropicalis ATCC 20336 and BSXDH-1 both used all of the D-xylose in the medium, and the final concentrations of xylitol were 33.6 g liter Ϫ1 and 38.4 g liter Ϫ1 , respectively. However, based on the amount of D-xylose consumed, BSXDH-3 yielded 100% xylitol, while C. tropicalis ATCC 20336 and BSXDH-1 yielded 67.2% and 76.8% xylitol, respectively. This result indicates that all of the D-xylose consumed by the XYL2-disrupted mutant was converted to xylitol and that xylitol production was limited by the lack of a cofactor required by XR, because xylitol could not be further metabolized to regenerate the cofactor. The XR on October 15, 2017 by guest http://aem.asm.org/ activity was apparently the same in the three strains (Fig. 2B) , suggesting that the expression of XR is not affected by the disruption of XYL2. In addition, the XR of C. tropicalis required NADPH as a cofactor, rather than NADH, at a ratio of 100:27, and thus, the production of xylitol by C. tropicalis could be limited by NADPH regeneration. Screening for cosubstrates for cofactor regeneration and xylitol production. A cosubstrate was required for NADPH regeneration during xylitol production, and thus, various carbon sources were screened for efficient xylitol production. Xylitol fermentation was performed in a 250-ml flask containing 50 ml of xylitol fermentation medium and various cosubstrates at a concentration of 10 g liter Ϫ1 ; the culture was incubated for 3 days (Table 3) . Although the cells grew best in a medium containing glucose as a cosubstrate, xylitol production was favorable when glycerol was the cosubstrate. All D-xylose in the medium was converted to xylitol only when glycerol was used as a cosubstrate. Hence, glycerol was selected as the best cosubstrate for xylitol production.
Batch culture was conducted in a fully automated 2.5-liter jar fermenter containing 1 liter of xylitol fermentation medium supplemented with 15 g liter Ϫ1 glycerol for cofactor (NADPH) regeneration (Fig. 4) . The dissolved oxygen level was kept above 20% by increasing the agitation speed from 300 to 500 rpm. The cell concentration reached 11.3 g liter Ϫ1 in 11 h using glucose and glycerol and then remained nearly constant during fermentation. After glucose depletion, glycerol began to be assimilated, and xylitol simultaneously began to accumulate. The total xylitol concentration reached 48.6 g liter Ϫ1 in 16 h, and the D-xylose was completely consumed. The xylitol yield was 98% on a weight-to-weight basis, and the volumetric productivity and the specific productivity were 3.23 g liter Ϫ1 h Ϫ1 and 0.76 g g Ϫ1 h Ϫ1 , respectively.
DISCUSSION
Since the development of the integrative DNA transformation system for C. tropicalis using URA3 complementation, several genes in C. tropicalis have been destroyed by sequential gene disruption methods. Most previous studies of gene disruption in this yeast centered on its ␤-oxidation pathway (4, 24) . In the present work, we constructed a C. tropicalis mutant lacking XDH activity. Two copies of the XYL2 gene encoding XDH were successively destroyed using the Ura-blasting method, and the disruption was confirmed by PCR with genespecific primers. This report is the first attempt to apply gene disruption techniques to analyze pentose metabolism in C. tropicalis.
Glycerol was found to be the best cosubstrate. Glycerol is a by-product of C. tropicalis fermentation in oxygen-limiting conditions. The production of glycerol and ethanol in anaerobic conditions allows the regeneration of cytosolic NAD and contributes to the intracellular redox balance (8) . On the other   FIG. 4 . Xylitol fermentation profiles of BSXDH-3 in a 2.5-liter jar fermenter. Glucose and glycerol were used as cosubstrates for initial cell growth and cofactor regeneration, respectively. Symbols: ᮀ, dry cell weight; F, glucose; E, D-xylose; , glycerol; ‚, xylitol; ■, xylulose. hand, glycerol can be used as a sole carbon source for yeast under aerobic conditions, whereas the conversion of glucose and other sugars to ethanol is favored under anaerobic conditions (23) . Glycerol is transported into the cytoplasm by diffusion and then phosphorylated by glycerol kinase to give glycerol-3-phosphate, which is converted to dihydroxyacetone phosphate by flavin adenine dinucleotide-linked glycerol-3-phosphate dehydrogenase in the inner membrane of mitochondria. Subsequently, dihydroxyacetone phosphate is converted via gluconeogenesis to glucose-6-phosphate, which enters the pentose phosphate pathway, generating NADPH. The additional production of reduced flavin adenine dinucleotide by glycerol-3-phosphate may increase NADPH level in cytoplasm, because glycerol is a more reduced molecule than other carbon sources. Aeration affects the redox balance of xylose-assimilating yeast (6) . Oxygen limitation results in increased intracellular NADH levels, which in turn leads to increased xylitol production by C. tropicalis (7, 17) . Previous studies used the two-stage batch culture technique, controlling aeration to enhance the productivity and yield of xylitol (16) . However, the optimal dissolved oxygen level for maximum xylitol production was determined to be 0.8 to 1.2%, and it is very difficult to control such a low level of dissolved oxygen in practice. In the present study, it was not necessary to control aeration for xylitol production by the XYL2-disrupted mutant. BSXDH-3 exhibited a similar xylitol yield independent of aeration rate. This suggests that the high xylitol yield of the mutant resulted from the breakdown of the xylose metabolic pathway and not from a redox imbalance in the cytoplasm. Xylitol productivity, however, was dependent on aeration, and it appears that the high xylitol productivity was attributable to the rapid supply of NADPH by glycerol consumption in fully aerated conditions, because glycerol assimilation is dependent on oxygen uptake. In addition, by-products such as ethanol and glycerol did not accumulate. Xylulose, however, accumulated to a negligible level (Ͻ1.2 g liter Ϫ1 ). Xylulose accumulation may have been the result of the unspecific activities of polyol dehydrogenases such as D-arabinitol dehydrogenase and L-arabinitol dehydrogenase.
As mentioned above, several mutant strains have been investigated to improve xylitol production. An XDH-defective mutant of P. stipitis did not grow on D-xylose as a sole carbon source, because its xylose metabolic pathway was blocked. The mutant produced xylitol using galactose as a cosubstrate with a volumetric productivity of 0.42 g liter Ϫ1 h Ϫ1 and a yield of 100% (15) . On the other hand, a D-xylulokinase-defective mutant of P. stipitis produced xylitol from D-xylose, because xylulose phosphorylation was bypassed via the formation of Darabinitol and D-ribulose (13) . The mutant produced xylitol with a volumetric productivity of 0.22 g liter Ϫ1 h Ϫ1 without a cosubstrate; however, the yield was only 27%, because xylitol was used to both support growth and regenerate the cofactor. The partial inhibition of XDH activity in T. reesei by antisense RNA enhanced xylitol productivity from 0.004 g liter Ϫ1 h Ϫ1 to 0.017 g liter Ϫ1 h Ϫ1 (29) . Although those previous studies partially enhanced xylitol productivity and yield, they used parental microorganisms with a low capacity for xylitol production, and thus, the resulting xylitol production rates were far below those reported here, where we used an XYL2-disrupted mutant of C. tropicalis. Table 4 compares the xylitol production levels attained in this study to those of previous studies. The result from C. tropicalis KFCC 10960 is the highest reported xylitol productivity obtained in the absence of a cell concentration (17) . It has recently been reported that a final xylitol concentration of 193 g liter Ϫ1 from 232.5 g liter Ϫ1 of xylose could be obtained from C. tropicalis ATCC 20336 in 32 h using fed-batch fermentation (14) . However, the cells were grown at a concentration of 67.9 g liter Ϫ1 by pH-stat glucose feeding, and thus, the high density of cells achieved high volumetric productivity but a low specific productivity of only 0.13 g xylitol g cells Ϫ1 liter Ϫ1 . The volumetric productivity of 3.23 g liter Ϫ1 h Ϫ1 obtained in the present study is similar to productivities reported by previous studies. However, the yield of 98% obtained in the present study was not achieved in other studies. In addition, the specific productivity of 0.76 g g Ϫ1 liter Ϫ1 was far superior to those of previous reports. Rapid regeneration of NADPH via glycerol assimilation in fully aerobic conditions may explain the high specific productivity.
The xylitol production by BSXDH-3 obtained in this study was an improvement upon previous reports in many ways. First, the xylitol yield from D-xylose approached the theoretical maximum of 100%. The 98% yield is the best reported yield among xylitol production processes with considerable productivity. Second, the specific productivity of 0.76 g g Ϫ1 h Ϫ1 is also the highest reported result, while the volumetric productivity of 3.23 g liter Ϫ1 h Ϫ1 acquired via simple batch fermentation was relatively similar to other results. It can be easily improved by fed-batch fermentation. Third, BSXDH-3 did not require controlled aeration; productivity was maximized in fully aerobic conditions. Finally, this was the first attempt to apply metabolic engineering of the xylose metabolism pathway in C. tropicalis to enhance xylitol yield and productivity. This strategy for strain development will contribute greatly to other attempts to improve the metabolite production of microorganisms. 
